Oxygen isotopes were measured in four chondritic hydrated interplanetary dust particles (IDPs) and five chondritic anhydrous IDPs including two GEMS-rich particles (Glass embedded with metal and sulfides) by a combination of high precision and high lateral resolution ion microprobe techniques.
INTRODUCTION
Oxygen isotope abundances in undifferentiated meteorites vary systematically relative to the Earth in a way that cannot be explained by classical mass fractionation from any specific starting composition (Clayton et al., 1973) . The most pervasive large oxygen ''isotopic anomalies" are the 16 O excesses (typically up to 5%) observed in Calcium-Aluminum-rich Inclusions (CAIs), the oldest rocks that formed in the solar system (e.g. Amelin et al., 2002) by condensation at high temperature of the circumsolar gas (e.g. Grossman, 1972) followed by multiple heating events. Several models have been proposed to explain these observations: (1) injection of 16 O freshly synthesized in a supernova that could have triggered the collapse of the protosolar cloud (Clayton et al., 1973 (Clayton et al., , 1977 , (2) non-massdependent fractionation during condensation of the first solar system solids (Thiemens and Heidenreich, 1983; Thiemens, 1999; Marcus, 2004; Robert, 2004) or (3) isotope selective photodissociation of CO driven by UV irradiation in the presolar cloud (Yurimoto and Kuramoto, 2004) , or in the protosolar accretion disk (Clayton, 2002; Lyons and Young, 2005) . Deciphering the origin of these 16 O excesses and their distribution in solar system objects is thus of utmost importance to unravel the mechanisms of solar system formation and the origin of planetary materials.
These models and the dynamics of the solar nebula that they imply can be tested by analyzing the oxygen isotopic composition of several major reservoirs: (1) the Sun, which contains 99.8% of the mass of the solar system, (2) the gas from the inner regions of the nebula, (3) the dust from the inner regions of the nebula, (4) the gas from the outer regions of the nebula and (5) the dust from the outer solar nebula, i.e. mostly interstellar grains accreting onto the protosolar accretion disk. The oxygen isotopic composition of the Sun is the primary science goal of the Genesis mission. Two previous attempts to determine it from the solar wind implanted in metal from the lunar regolith have yielded contradictory results ( 16 O-rich, Hashizume and Chaussidon, 2005;  16 O-poor, Ireland et al., 2006) probably because of multiple sources of oxygen on the lunar surface (Hashizume and Chaussidon, 2008) . Preliminary results from the analysis of Genesis materials (McKeegan et al., 2009) indicate that the Sun is 16 O-rich compared to planetary materials as predicted by some models (Clayton, 2002) . The oxygen isotopic composition of the inner nebula gas and dust have been studied from numerous measurements of high temperature components of chondrites such as CAIs, their olivine-rich accretionary rims, and chondrules, and also of lower temperature components such as the hydrated minerals in CI and CM chondrites (Clayton and Mayeda, 1999; McKeegan and Leshin, 2001) . It is currently believed that the first solar system solids (CAIs) condensed from a 16 O-rich gas and some of these reacted with a 16 O-poor gas in which chondrules formed. The O isotopic composition of this gas is best recorded in chondrule mesostasis . Hydrated matrix minerals formed by reaction of solids having a chondrulelike O isotopic composition with a water somewhat depleted in 16 O (e.g. Clayton and Mayeda, 1984, 1999; Choi et al., 1998; Young et al., 1999) . The recent discovery of a large 16 O depletion in an oxidized metal phase, termed cosmic symplectite (COS), from the ungrouped C3 carbonaceous chondrite Acfer 094 (Sakamoto et al., 2007; Seto et al., 2008) suggests that early solar system water could have been very 16 O-poor. The oxygen isotopic composition of outer solar nebula gas and dust is still largely unknown. Hydrogen isotopes in the atmospheres of the giant planets are consistent with trapping of outer nebular gas and ices (e.g. Feuchtgruber et al., 1999; Lellouch et al., 2001) , but the determination of oxygen isotopic compositions with a precision better than a few percent still requires laboratory analyses on Earth. One approach to determining the oxygen isotopic composition of outer nebular matter is from the analysis of cometary dust. Measurements of oxygen isotope abundances of dust from the Jupiter family comet Wild 2 returned to the Earth by the Stardust mission , reveals a striking similarity to the composition of high temperature grains (ferromagnesian silicates and Ca-Al-rich minerals) of comparable minerals in carbonaceous chondrites suggesting radial mixing at a large scale in the early solar system Nakamura et al., 2008) . However, most of the mass of Wild 2 dust collected by Stardust appears to be severely altered by heating during capture and/or mixed intimately with the silica aerogel collector medium (Zolensky et al., 2006) . As a result, fragile components such as amorphous silicates of possible interstellar origin remain extremely difficult to analyze. Before the return of the Stardust samples, cometary samples could only be obtained from interplanetary dust in Earth crossing orbit. Such dust has been collected in the stratosphere (e.g. Brownlee, 1985) and is referred to as interplanetary dust particles (IDPs) and in the polar ices and snows, principally in Antarctica (e.g. Maurette et al., 1991; Duprat et al., 2007) , and is referred to as Antarctic micrometeorites (AMMs).
Although comets must contribute significantly to the interplanetary dust population crossing 1 AU, the cometary origin of individual IDPs and AMMs is difficult to establish unambiguously. AMMs are usually larger than IDPs (up to several hundred lm) and thus experienced more drastic modifications during atmospheric entry (e.g. Toppani et al., 2001; Nozaki et al., 2006) . Nevertheless, the O isotopic composition of most AMMs is indicative of major similarities with carbonaceous chondrites: anhydrous ferromagnesian and refractory minerals have isotopic compositions comparable to that of chondrules and CAIs, respectively (Engrand et al., 1999a; Gounelle et al., 2005) , although a significant fraction of coarse-grained AMMs may still be related to ordinary chondrites (Genge, 2006) . In the case of stratosphere-collected IDPs, high precision O isotopic data allowing direct comparison with chondrites are limited to refractory particles, which have 16 O excesses typical of chondritic CAIs (McKeegan, 1987) . Recent data, obtained with very high spatial resolution mapping in order to search for presolar interstellar grains, do not have sufficient precision to allow a direct comparison with chondrites (Messenger et al., 2003; Keller and Messenger, 2005) .
Previous studies of stratospheric IDPs have shown that the properties of porous anhydrous particles have many similarities with those of cometary dust as inferred from astronomical observations and models: Mg-rich crystalline anhydrous silicates, amorphous silicates, high porosity, low density, mostly sub-lm grain size and high abundance of carbonaceous material. In addition, some anhydrous IDPs also have infrared spectra (Bradley et al., 1992) or elemental ratio distributions (Bradley, 1988) comparable with some comets. The mineralogical and petrological analysis of Stardust samples suggests that dust from comet Wild 2 is closest to these anhydrous IDPs than to any other meteoritic material (Zolensky et al., 2006) , although it has also recently been claimed that comet Wild 2 may have more similarities with chondritic asteroids than with anhydrous IDPs .
The purpose of this paper is to present a systematic high precision study of oxygen isotopic compositions of chondritic IDPs, including both hydrated and anhydrous particles and their subcomponents, in order to identify cometary dust, to determine its oxygen isotopic composition and to compare it with AMMs, carbonaceous chondrites and comet Wild 2. Preliminary results were reported by Engrand et al. (1999b) and Aléon et al. (2006) .
ANALYTICAL METHODS
IDPs studied in this work were first characterized by Scanning Electron Microscopy (SEM) using standard and field-emission SEMs. Energy dispersive X-ray (EDX) spectra were taken to ensure the particles had chondritic abundances of major rock forming elements (Si, Mg, Fe, S, Ca and Al). Secondary electron images were acquired before and after SIMS analysis of most particles to study their morphology and their state after SIMS analysis. X-ray maps were taken in IDPs not previously studied to characterize the elemental distribution and to estimate their mineralogy by comparison with the typical mineralogy of chondritic IDPs.
Oxygen isotope abundances were measured using the IMS 1270 ion microprobe of the University of California Los Angeles in two sessions under different analysis modes:
(1) with a fixed defocused beam to determine the bulk O isotopic composition of the particles with a $1-2& precision, hereafter termed ''spot mode" analysis and (2) with a focused beam rastered over the sample in order to determine the O isotopic composition of selected components with a spatial resolution set by the beam size, hereafter referred to as ''raster mode" analysis. The latter analyses have poorer precision, but it is still good enough to distinguish between the endmember compositions of meteoritic components (i.e. matrix, chondrules, CAIs).
Spot mode analysis
We used a primary Cs + beam in aperture illumination mode defocused to 10 lm (0.2 nA) or 20 lm (0. (Leshin et al., 1997; Chaussidon et al., 2008) . A higher SiO 2 or FeO content relative to San Carlos olivine in our IDPs (e.g. phyllosilicates, pyroxene, amorphous silicates) would result in effects of at most 1-2&, which remains comparable to our 1r analytical uncertainties. The largest possible effect not taken into account is a few & on pure magnetite. However, analyses of Fe-oxide-rich regions in IDP L2036R5 (see below) fall within the range of carbonaceous chondrite magnetite suggesting that potential matrix effects remained small and did not significantly affect the results.
Raster mode analysis
Analyses were performed with a 3 lm focused Cs + beam of 5 pA. Although we used a low current, the beam density on the sample, when the raster size is close to the beam size, is comparable to that of a fixed beam analysis. Therefore use of electron flooding for charge compensation was required to obtain reproducible analyses of small grains despite the grains being embedded in gold, as verified by analyses of crushed grains of a San Carlos olivine. Because of the low ion current and of the large periphery/surface ratio of the small areas analyzed, analyses become extremely sensitive to surface contamination, especially when the raster size is several times larger than the beam size. Tests performed using the IMS 1270 ion microprobe at CRPG, Nancy, France using a 1.5 lmC s + beam and simultaneous detection of the three oxygen isotopes on electron multipliers showed that results are shifted by $10& toward surface contamination when the sample chamber vacuum is above 2 Â 10 À9 Torr. The vacuum was thus kept below 2 Â 10 À9 Torr during IDP analyses. All other conditions were similar to the spot mode analyses. The instrumental mass fractionation was corrected by interspersed analyses of crushed grains of San Carlos olivine mounted on a high purity gold foil. Raster analyses lasted 20 min. The overall error on IDPs analyzed in raster mode was typically about 4-5& on d 17 O( 1 r). In these conditions, all matrix effects are expected to remain well within analytical error.
SAMPLE DESCRIPTION
Eleven chondritic interplanetary dust particles were selected for oxygen isotope analysis. Several particles were previously studied for mineralogy (Bradley, 1988; Germani et al., 1990; Steele, 1990) or hydrogen and nitrogen isotopes (Aléon et al., 2001 (Aléon et al., , 2003 . Two of the IDPs previously analyzed were discarded; in one case a contaminant particle was found on top of the IDP (L2021K1) and the other was sputtered away before the end of the O isotope analyses resulting in very large error bars (L2021A6). Nine chondritic IDPs were thus available for the study (Table 1) . Initial NASA designations for two particles (GM4-2 and PP67) were lost before the particles were made available to us. A literature search for the previously studied IDP ''GM4-2" yielded conflicting results. Indeed, GM4-2 was initially thought to be particle U222C6 from NASA catalogs (Engrand et al., 1999b) . However, Bradley (1988) indicates that U222C6 is a smectite-rich hydrated IDP, whereas GM4-2 is actually an anhydrous IDP (Engrand et al., 1999b) rich in nodules of Glass with embedded metal and sulfides (GEMS). For purposes of this paper, we refer to this IDP simply as GM4-2 and base no inference on the previous work by Bradley (1988) which appears to have been on a different sample.
In contrast to the situation for micrometeorites (Genge et al., 2008) , there is no clear classification of chondritic IDPs. Here we use a simplified classification in two main groups, dominantly hydrated IDPs and dominantly anhydrous IDPs, keeping in mind that anhydrous minerals can be present in hydrated objects (e.g. olivine or pyroxene in CI chondrites, chondrules in CM chondrites) and vice-versa. IDPs are classified here as hydrated based on mineralogy when available or on chemistry (e.g. low C/H ratios). This classification typically encompasses that of particles commonly termed chondritic smooth (CS, Brownlee, 1985) . For this reason, particles with smooth morphologies (fine-grained compact) are also included in this group. Anhydrous particles include here fined-grained fluffy particles also termed chondritic porous anhydrous (CPA, Brownlee, 1985) , but also coarse-grained olivine or pyroxene particles analogous to the crystalline AMM category (Genge et al., 2008) or to chondrule-like objects in Wild 2 , notably when CPA material is adhering to the crystals. This simple classification is also chosen to facilitate the O isotope comparison with carbonaceous chondrites (CCs), since anhydrous minerals in CCs commonly plot on a slope $1 line in the three oxygen isotope diagram, whereas hydrated minerals show evidence of mass fractionation associated with hydration. Finally, several samples analyzed are derived from cluster particles (hydrated IDP L2036B3 and anhydrous IDPs L2036W1 and L2036N3), but this is information is not known for several other IDPs (hydrated IDPs U222C29 and PP67 and anhydrous IDPs GM4-2, U211A19A and RB27A19).
Hydrated IDPs
U222C29 is a $7 lm compact smectite-rich particle previously studied by transmission electron microscopy (Germani et al., 1990) . It contains up to 2 lm Mg-Fe-rich carbonates embedded in a saponite matrix with minor diopside, pyrrhotite, enstatite, troilite, graphitized carbon and secondary magnetite. O isotopes were measured on fragments of the particle remaining in the epoxy bullet initially used for ultramicrotomy. One analysis with a 10 lm spot was obtained on the particle.
PP67 is a $10 lm compact particle dominated by Mgrich silicates. X-ray maps revealed that it contains FeNi metal grains and Ni-rich Fe-sulfides. Sub-lm Ca-Al-rich phases are also present. Its compact morphology and the presence of significant Ni in sulfides is typical of hydrated IDPs. The particle was embedded in epoxy and polished before analysis. Three analyses with a 10 lm spot were 13.9 ± 12.2 6.9 ± 6.4 10.4 ± 12.6 L2021N3 cg Fo + fg mtx Raster 7 lm Fo >85 À1.1 ± 10.4 À1.0 ± 5.6 À0.6 ± 10.8 a Abbreviations: cpct -compact; smect -smectite; carb -carbonate; sulf -sulfide; met -metal; sil -silicate; frb -framboids; fg -finegrained; cg -coarse-grained; En -enstatite; Fo -forsterite; LIME -low-iron-manganese-enriched; mtx -matrix; GEMS -glass with embedded metal and sulfides.
b Error bars are 2r standard errors of the mean. c Area containing most of the particle with the exception of the big olivine grain.
repeatedly obtained on the particle, giving an estimate of the isotopic heterogeneity in depth. L2036R5 is a large ($70 lm after crushing) compact IDP dominated by sub-lm grains. Carbon and hydrogen ion mapping have shown that the particle is dominantly hydrated (C/H bulk $ 0.25) and has chondritic D/H ratio (D/ H bulk = 1.3 Â 10
À4
; Aléon et al., 2001) . EDX maps show that it is dominated by Mg-rich silicates, probably phyllosilicates, but that several areas of Fe-rich oxides with framboidal textures are also present (Fig. 1) . The framboid morphology of these Fe-oxides is typical of magnetite precipitated from a fluid as observed in CI and CR chondrites (e.g. Jedwab, 1971) and is different from that of magnetite rims formed during atmospheric entry heating, either as nanocrystals (IDPs, e.g. Fraundorf, 1981; Thomas et al., 1995) , skeletal crystals (AMMs, Toppani et al., 2001 )o r euhedral crystals embedded in silicate glass (AMMs, Toppani et al., 2001) . In addition, similar magnetite framboids were previously reported in hydrated IDPs attributed to a CI parent body (e.g. Brownlee, 1985) . The particle was pressed onto a high purity gold foil and three analyses with a2 0lm spot were acquired in several areas, giving an estimate of the lateral isotopic heterogeneity.
L2036B3 is a $10 lm similarly fine-grained compact IDP. Distribution of Mg, Si and Fe in EDX maps are comparable to those of L2036R5. Framboids are also associated with Fe-rich regions suggesting the presence of magnetite. Being similar to L2036R5, it is also probably a hydrated IDP. The particle was pressed onto a high purity Au foil ($25 lm after crushing) and was analyzed using (1) a2 0lm spot, (2) a 3 lm spot rastered over the whole particle (32 lm) and (3) a 3 lm spot rastered over the magnetite-rich area (8 lm).
Anhydrous IDPs
GM4-2 is a $10 lm GEMS-rich porous particle with Fesulfides, FeMg carbonates and a Cr-oxide grain. O isotopes were measured on the remainder of the particle mounted in the epoxy bullet initially used for ultramicrotomy. One analysis with a 10 lm spot was obtained on the particle.
L2036W1 is a 7 Â 5 lm IDP consisting only of sub-lm grains. EDX maps showed a homogeneous distribution of Si, Mg and Fe, indicating that the particle is chondritic at the scale of the EDX analysis volume ($1 lm 3 ). Mixed secondary-backscattered electron imaging with a field-emission SEM (5 keV) after crushing and ion probe analysis shows that all grains are between 100 nm and 500 nm in size with 30-50% of the grains containing bright (i.e. high-Z) rounded nanoinclusions comparable in size, shape and size distribution to metal and sulfides inclusions in GEMS (Fig. 2) . Formation of nanoparticles with GEMS-like morphology upon irradiation by the ion probe beam can be excluded because (1) this effect has never been observed in ion probe crater pits to our knowledge despite hundreds of SEM observations after SIMS analysis, (2) we did not observe it in the other IDP samples imaged by high resolution SEM and (3) other transmission electron microscopy studies of IDPs after SIMS analysis have shown unmodified GEMS and did not reveal evidence of nanoparticle formation (e.g. Floss et al., 2004) . Because this morphology is unique to GEMS in IDPs, these grains are probably GEMS although no detailed nanoscale mineralogical investigation was carried out. This probably GEMS-rich IDP was crushed into a high purity gold foil and analyzed using a 20 lm spot.
U211A19A is a large (40 Â 60 lm) IDP consisting mainly of coarse-grained (20-40 lm) enstatite intergrown with a 15 lm forsterite grain (Fo 98 ) and encased in sublm porous chondritic material including FeNi-sulfide. It has previously been referred to as a chondritic porous IDP with unusually large crystals (Steele, 1990) . Manganese content of the forsterite is at the upper limit of the typical meteoritic range (MnO $0.43 wt%, Steele, 1990) . Three O isotope analyses were acquired in enstatite and forsterite with a 10 lm spot on a polished section previously prepared for electron microprobe analyses (Steele, 1990) .
RB27A19 is a 10 Â 20 lm particle consisting mostly of coarse-grained (>10 lm) low-iron-manganese-enriched forsterite (LIME, Fo 97.5 , MnO $0.82 wt%) surrounded by a crust of sub-lm porous chondritic material containing FeNi-sulfides. Together with U211A19A, it has previously been referred to as a chondritic porous IDP with unusually large crystals (Steele, 1990) . O isotopes were measured in forsterite with a 10 lm spot on a polished section prepared for electron microprobe analyses (Steele, 1990) .
L2021N3 is a 10 Â 5 lm IDP consisting of relatively coarse grains (1-5 lm) embedded in a sub-lm porous matrix (Fig. 3) . EDX maps and analyses reveal that the coarser grains are: (1) a $5 lm, roughly euhedral, forsteritic olivine with Mg content higher than a neighboring San Carlos olivine crushed grain in San Carlos), (2) a 2 lm anorthite, (3) three 1 lm Fe-rich grains, and (4) possibly two 1 lm diopside grains although in the latter case contamination by the surrounding fine-grained matrix prevents conclusive identification. SEM imaging was done in conditions similar to L2036W1 but no evidence of GEMS was found. The particle was pressed onto a high purity Au foil and was analyzed using: (1) a 20 lm spot, (2) a 3 lm spot rastered over the 5 lm forsterite (7 lm raster). The anorthite (an) crystal may represent a minor contribution (at most a few%) in the Fig. 2 . Electron microscopy of anhydrous IDP L2021N3. (a) Secondary electrons (SE) image of the particle before crushing showing that it is dominated by fine-grained submicron material with an embedded 5 lm forsteritic olivine (Fo) crystal. (b-f) X-ray maps of Si, Mg, Fe, Al and Ca, respectively, after crushing of the particle into high purity gold. Several coarse grains are visible embedded in a fine-grained Mg-silicate matrix: the large Fo crystal, a Ca-Al-rich silicate, which is possibly anorthite (An) and three Fe-rich grains (arrows) depleted in Si and Mg (probably metal or sulfides). (g) SE image of the particle after crushing with the two raster analyses indicated (11 lm -mostly the fine-grained portion and 7 lm -mostly Fo). latter analysis but the isotopic effect will remain undetectable, even if the isotopic composition of anorthite differs from that of the olivine grain by 50&. Finally, (3) a 3 lm spot was rastered over the bulk of the particle sitting next to the forsterite grain (11 lm raster). 
RESULTS

Oxygen
All samples
Based on assumptions of their respective origins, it is expected that chondritic IDPs might show two highly distinct types of O isotopic compositions. Hydrated IDPs, for which an asteroidal origin has been proposed (e.g. Bradley and Brownlee, 1986) , could have isotopic compositions analogous to those of hydrated carbonaceous chondrites. In contrast, anhydrous IDPs are thought to derive from mineralogically primitive objects (e.g. Bradley and Brownlee, 1986 ) potentially rich in interstellar dust grains and thus they might be expected to consist of heterogeneous, highly isotopically anomalous sub-lm components. Recent high spatial resolution O isotopic mapping of anhydrous IDPs by NanoSIMS (Keller and Messenger, 2005) indicates that sub-lm grains with isotopic anomalies larger than 10% are rare ($1000 ppm maximum), however, these relatively low precision and self-normalized data cannot address the existence of isotopic anomalies in the several% range similar to those observed in individual components of chondritic meteorites.
Oxygen isotopes in all samples fall in the range of typical planetary materials (À9.3 ± 4.2& < D 17 O < 10.4 ± 12.6&, Table 1 ). Most of the chondritic IDPs show little or no deviation from the terrestrial mass fractionation line (TF line), with a total range similar to that of the bulk of showing that the size and geometry of the nanoinclusions-rich grains, on one hand, and the distribution and sizes of their nanoinclusions, on the other hand, are comparable to those of GEMS and their metal and sulfides nanoinclusions, respectively, as studied by transmission electron microscopy (e.g. Bradley, 1994) . Because only GEMS contain such nanoinclusions in IDPs, this indicates that the inclusion-containing grains are in fact GEMS.
carbonaceous chondrites. Although GM4-2 shows evidence for an 16 O excess, no chondritic IDP exhibits the typical 16 O-rich composition seen in refractory inclusions, nor the large 16 O depletion recently found in a hydrated phase from the ungrouped C3 chondrite Acfer 094 (Sakamoto et al., 2007) . Finally, no IDP shows evidence at the >7 lm scale of large isotopic anomalies attributable to stellar nucleosynthesis (e.g. Messenger et al., 2003) , in agreement with statistical estimates from NanoSIMS mapping (Keller and Messenger, 2005) .
Hydrated IDPs
Chondritic hydrated IDPs (Fig. 4 À1.3 ± 3.0& to 3.8 ± 2.6& in PP67). The Fe-rich area in L2036B3 is not statistically different from the bulk particle although it could be heavier by $3-5&/amu at the 68% (1r) level of confidence (Table 1) .
Anhydrous IDPs
Oxygen isotopes in anhydrous IDPs do not show evidence for mass fractionation, in contrast to hydrated IDPs, but they do show a variation in 16 O content (Fig. 5) . Although most IDPs are close to the terrestrial values, GEMS-rich IDPs show the largest range of D 17 O values, from À9.3 ± 4.2& in GM4-2 to 3.0 ± 2.6& in L2036W1. Similarly, although no GEMS have been conclusively identified, the fine-grained portion of L2021N3 that contains a 2 lm anorthite grain and possibly diopside is potentially depleted in 16 Ob y$10& but is undistinguishable from the bulk (or the TF line) at the 95% confidence level. Coarsegrained forsterite and enstatite, including the individual 5 lm olivine from L2021N3 and the Mn-rich forsterite grains from U211A19A and RB27A19, have a very restricted range of oxygen isotopic compositions with D
17 O values clustering around À2&. Oxygen isotopes in anhydrous IDPs thus plot along a line a slope 1.08 ± 0.14 with an intercept at À2.73 ± 1.05, which is comparable to the slope 1.0 line defined in unaltered portions of a CAI 
DISCUSSION
Oxygen isotopes have been used as a classification tool to investigate the genetic relationships between meteorites and to define meteorite families (e.g. Clayton et al., 1991; Clayton and Mayeda, 1996, 1999) . In a similar way, micrometeorites have been shown to be related to carbonaceous chondrites on the basis of the O isotopic compositions of their anhydrous minerals (Engrand et al., 1999a; Gounelle et al., 2005) . However, IDPs have never been classified nor compared to meteorites with respect to O isotopes before this study. In the following, we extend the O isotope classification of extraterrestrial materials to primitive dust potentially from outer solar system objects and discuss the nature of IDP parent-bodies before using the O isotopic carbonates CMs (Benedix et al. 2003) carbonates TL Leshin et al. 2001) carbonates Orgueil Bulk C* ( CI magnetite (Rowe et al. 1994) CI matrix (Rowe et al. 1994) IDP L2036R5 (this work) (Young and Russell, 1998) .
composition of the most primitive nebular components of IDPs to obtain new insights on early solar nebula processes.
Parent-bodies of chondritic IDPs
Hydrated IDPs
The observed spread in D
17
O($5&) in hydrated IDPs is comparable to that of individual ion probe analyses of hydrated carbonaceous chondrite matrices (e.g. Tagish Lake, Engrand et al., 2001; Leshin et al., 2001) . The oxygen isotopic compositions of the hydrated IDPs studied here encompass those of all carbonaceous chondrites of petrologic type 1 and 2 (CI, Tagish Lake, CM and CR chondrites, Clayton and Mayeda, 1999; Brown et al., 2000 , hereafter referred to as C1/C2 chondrites). Thus, we can conclude that most hydrated IDPs come from parentbodies that underwent hydration under physico-chemical conditions (e.g. isotopic composition of the fluid, temperature, water-rock ratios) broadly comparable to those experienced by C1/C2 parent-bodies.
In specific cases, oxygen isotopes are distinctive enough to classify individual IDPs as potentially related to particular meteorite groups, although in most cases oxygen isotopes are indicative only of an origin by similar processes rather than providing a definitive identification with a specific parent body. An example of the former case is given by IDP L2036R5 (Fig. 4a) , an IDP dominated by hydrated silicates of CI-CM-like hydrogen isotopic composition (Aléon et al., 2001) and showing Fe-rich framboids common in CI and CR chondrites. This particle shows an
Anhydrous IDPs
Antarctic Micrometeorites
CI chondrites Comet 81P/Wild 2
(this work) (Engrand et al. 1999 , Gounelle et al. 2005 ) (Leshin et al. 1997 ) a b c d O isotopic variability typical of CI chondrites in that regions dominated by Fe-rich framboids similar to magnetite have an O isotopic composition characteristic of magnetite in CI chondrites (Rowe et al., 1994) , whereas regions dominated by Mg-rich silicates have oxygen isotopic compositions comparable with those of CI phyllosilicates (Rowe et al., 1994 ). Together with D/H isotope evidence and SEM observations, O isotopes strongly suggest that the parent body of L2036R5 can be ascribed to CI carbonaceous chondrites. In contrast, L2036B3 (Fig. 4b) Leshin et al., 2001; Engrand et al., 2001; Benedix et al., 2003) . Such high oxygen isotopic ratios could possibly be attributed to: (1) dehydration of CI-like phyllosilicates during thermal metamorphism in a CÃ-like parent body, (2) a high abundance of minerals with large positive mineral-water fractionation factors such as carbonates, in an IDP from a CI-, CM-or Tagish Lake-like parent body, (3) formation of super-heavy phyllosilicates during aqueous alteration with a very large water-rock ratio in a carbonaceous chondrite parent body not represented in meteorite collections. In the absence of a detailed mineralogical characterization of the particle, none of these hypotheses can be ruled out. Matrajt et al. (2006) reported similar heavy O isotopic composition in seemingly unmelted AMMs. However, the description of their samples closely match that of scoriaceous AMMs (Genge et al., 2008) , which are known to have been extensively heated. For instance, they report the presence of vesicles, which are commonly formed upon melt devolatilization during atmospheric entry (e.g. Toppani and Libourel, 2002) . Furthermore, their O isotope systematics closely matches that of cosmic spherules Yada et al., 2005) with the most scoriaceous samples having the heaviest composition due to distillation during volatile loss. We note that, although an extensive atmospheric entry heating seems excluded for L2036B3, a moderate heating may have increased the extent of mass fractionation.
GEMS-rich
Finally, IDPs PP67 and U222C29 (Fig. 4c) have oxygen isotopic compositions closer to those of anhydrous meteorites and IDPs but are nevertheless indistinguishable from the matrices of CR and CM carbonaceous chondrites within error.
Most hydrated IDPs are not mineralogically identical to C1/C2 chondrites (e.g. Germani et al., 1990 ). Only in rare occasions have hydrated IDPs been identified as CM-type particles (Bradley and Brownlee, 1991; Rietmeijer, 1996) or CI-type particles (Keller et al., 1992) . However, reflectance spectroscopy of hydrated IDPs indicates similarities with both C1/C2 chondrites and main belt C-type asteroids (Bradley et al., 1996) . Our oxygen isotope data further suggest that hydrated IDPs come from parent-bodies that underwent hydration by water isotopically similar to the water that altered C1/C2 meteorites.
Anhydrous IDPs
Like hydrated IDPs that have isotopic compositions comparable to those of bulk hydrated carbonaceous chondrites albeit over a larger range, anhydrous IDPs have isotopic compositions similar to bulk anhydrous carbonaceous chondrites but on a larger range. The oxygen isotopic composition of coarse-grained bulk IDPs and IDP minerals are very close to those of bulk CV, CO and CK chondrites (Clayton and Mayeda, 1999) . The spread along the slope 1 line is similar in amplitude to that observed in most Mg-rich anhydrous minerals in carbonaceous chondrites and micrometeorites (e.g. Weinbruch et al., 1993; Engrand et al., 1999a; Leshin et al., 2000) including those (precursor grains) in hydrated chondrites (Leshin et al., 1997 (Leshin et al., , 2000 Engrand et al., 2001, Fig. 5) .
Coarse-grained IDPs U211A19A and RB27A19, which may be petrographically similar to microchondrules (U211A19A shows an intergrowth of forsterite and enstatite) or individual matrix olivine (Mn-rich forsterite grains such as RB27A19 are commonly found isolated in carbonaceous chondrite matrices), could thus be attributed at first sight to matrix fragments of anhydrous carbonaceous chondrites. However, the study of the dust samples from comet Wild 2 has revealed the presence of similar coarse grains dominated by enstatite and forsterite with similar chondrule-like O isotopic composition . Microchondrule-like objects with textural, mineralogical and isotopic properties of chondrules in carbonaceous chondrites have also recently been found in Wild 2 samples . Their presence as well as that of a CAI in the Stardust samples has been attributed to a large scale mixing of high-temperature minerals formed in the inner solar system Nakamura et al., 2008; Simon et al., 2008) .
Unfortunately, O isotopic analysis of the most finegrained material from comet Wild 2 is hampered by severe contamination from the silica aerogel used as a collection medium. Fine-grained anhydrous IDPs and especially GEMS-rich IDPs have no petrographic equivalent in meteorite collections and have commonly been considered to be cometary dust particles (Bradley and Brownlee, 1986) . Despite severe modifications during impact capture, the chemical compositions of anhydrous minerals in Stardust samples suggest that the dust from comet Wild 2 is more closely related to fine-grained anhydrous IDPs than any other extraterrestrial material (Zolensky et al., 2006) and possibly to friable Concordia AMMs Engrand et al., 2007; Dobrica et al., 2008) . We note that only a few chondrites and IDPs have been analyzed at the scale of Wild 2 samples, which may introduce some bias in the comparison . The lack of GEMS and enstatite whiskers in Stardust samples is also interpreted by Ishii et al. (2008) as evidence that the rocky fraction of comet Wild 2 is more closely related to meteor-ites than chondritic porous anhydrous IDPs, which would then represent even more primitive cometary materials. Our O isotope data indicate that even ''primitive" GEMS-rich IDPs of probable cometary origin are related to anhydrous carbonaceous chondrites.
Any distinction between coarse-grained IDPs, on the one hand, and highly porous fine-grained anhydrous IDPs on the other, and inferences regarding their respective parent-bodies may thus not be so obvious: indeed the coarsegrained IDPs U211A19A and RB27A19 are encased in a matrix of fine-grained material comparable to fine-grained IDPs (Steele, 1990) . In the light of Stardust data, the oxygen isotopic compositions of anhydrous IDPs suggest that cometary dust is made of aggregates of fine-grained and coarse-grained particles both having oxygen isotopic compositions similar to those of anhydrous components of carbonaceous chondrites (anhydrous minerals in C1/C2 chondrites and fractions or bulk C3/C4 chondrites) and micrometeorites (Engrand et al., 1999a) .
To summarize, the oxygen isotopic compositions of anhydrous IDPs are similar to those of bulk anhydrous carbonaceous chondrites (CV, CO, CK and ungrouped type 3 chondrites such as Acfer 094) and their dominant anhydrous minerals. Importantly, O isotopes in anhydrous IDPs are also similar to oxygen in the components of hydrated meteorites that escaped aqueous alteration, including the anhydrous minerals in Orgueil, as well as the anhydrous minerals in AMMs and comet Wild 2 (Fig. 5) . Although, with the exception of the latter, the parent-body sources of most of these materials are not known with certainty, few would argue against an asteroidal origin of the chondrites (although a cometary origin for Orgueil has been proposed, Gounelle et al., 2006) , and both asteroidal and cometary origins have been suggested for AMMs (Engrand and Maurette, 1998; Genge and Grady, 2002; Genge, 2006) . The oxygen isotopic data thus suggest that anhydrous carbonaceous chondrites (CCs), hydrated CCs, AMMs, comet Wild 2 and IDPs were made of the same type of material prior to any hydration: primary solar system dust. Although they have no petrographic equivalent in meteorite collections, it seems likely that anhydrous IDPs probably sample many objects from a related group of small solar system objects of carbonaceous chondrite affinity which is distinct from ordinary, enstatite, K-or R-chondrite asteroids. This family would include both the asteroidal anhydrous CCs and comet Wild 2. The presence of microchondrules with properties akin to those of carbonaceous chondrite chondrules in comet Wild 2 supports this inference. Thus comet Wild 2 may be considered as a type of carbonaceous chondrite. Anhydrous IDPs may represent the best preserved material that we have in our collections from these cometary parentbodies or their closest relatives.
Relationship between hydrated and anhydrous chondritic IDPs
We have shown that the rough sorting of chondritic IDPs into two classes of objects related to hydrated carbonaceous chondrites (hydrated IDPs) and to anhydrous carbonaceous chondrites and comet Wild 2 (anhydrous IDPs) agrees with a classification via O isotopic properties. The oxygen isotopic composition of hydrated carbonaceous chondrites is well accounted for by hydration of initially anhydrous carbonaceous chondrite asteroids during aqueous circulations on the parent body (e.g. Leshin et al., 1997; Clayton and Mayeda, 1999; Young et al., 1999) . Here, we develop a similar model that extends the range of possible precursors to anhydrous IDPs. We consider to what extent the O isotopic compositions of hydrated IDPs can be explained by hydration of such precursors, that is to evaluate if the bulk CCs hydration model can be extended at the 10 lm scale.
We used the framework of the simple hydration model of Clayton and Mayeda (1984, 1999) to investigate the isotopic effect of hydration on protosolar dust or dust aggregates similar to anhydrous IDPs. It is assumed that: (1) the starting material has the oxygen isotopic composition of the anhydrous IDPs as determined from this study, (2) the starting water has the composition of typical hydration water from type 1 and 2 carbonaceous chondrites (reservoir HW in Clayton and Mayeda, 1999 with
18 O = 28.1& and D 17 O = 3.1&), and (3) the temperature is 150°C as taken by Clayton and Mayeda, 1999 for the maximum temperature for alteration on CI chondrites. We did not use the isotopic composition of nebular water as inferred from the Acfer 094 cosmic symplectite (Sakamoto et al., 2007) since it is so different from that of hydrated IDPs that the model would obviously result in phyllosilicates with O isotopic composition differing from those we measured by at least several tens of permil.
This model must be considered as a first order approximation since it is based on the formation of serpentine, which is abundant in CI and CM chondrites (Zolensky and McSween, 1988) but is not so abundant in hydrated IDPs, which are often dominated by smectites (Germani et al., 1990) . In addition, the alteration indexes, determined from the isotopic difference between whole rock and matrix separated fraction (Clayton and Mayeda, 1999) and used to estimate the progress of the reaction, are unavailable for IDPs. In spite of the good agreement between isotopic alteration indexes and petrographic alteration indexes in CM chondrites (Browning et al., 1996; Clayton and Mayeda, 1999) , using petrographic alteration indexes in IDPs would require a detailed mineralogical study of the present IDPs, which is not available.
As expected, the model (Fig. 6) shows that the O isotopic compositions of all hydrated IDPs can be obtained by hydration of anhydrous IDPs. Hydration models of the 16 O-poor and 16 O-rich GEMS-rich IDPs (L2036W1 and GM4-2, respectively) provide envelope models bracketing all isotopic compositions of hydrated IDPs, suggesting that the former broadly represent the range of starting compositions, while most data points are close to those predicted by hydration of a parent body with the average isotopic composition of anhydrous IDPs (d 17 O=À2.21&, d 18 O= 0.45& and D 17 O=À2.44&) which is close to bulk anhydrous carbonaceous chondrites. Isotopic compositions of Orgueil and Tagish Lake are also in good agreement with this model. Using a lower temperature of $50°C ( Leshin et al., 1997) would result in an even larger range of possible compositions and would result in a similar conclusion. The $10 lm scale of our analyses indicates that the hydration model of carbonaceous chondrite objects developed for bulk samples remains valid at a much smaller scale. This type of model is useful to investigate the hydration history and hydration conditions of individual IDPs. The O isotopic compositions of hydrated IDPs close to those of anhydrous IDPs (e.g. PP67) could either reflect abundance of anhydrous minerals (e.g. Ca-Al-rich grains?) or hydration with water/rock ratios close to the minimum required by the model ($0.29). For comparison, the average water/rock ratio determined from CM chondrites (for which oxygen isotopes compare well with those of these IDPs, Fig. 4 ) is approximately 0.5 (Clayton and Mayeda, 1999) . In contrast, the isotopic compositions heavier than those of CI chondrites may reflect extremely large water/ rock ratio (O atoms in water relative to O atoms in rock) under comparable alteration conditions (temperature, duration and extent of reaction) or lower temperature with comparable water/rock ratios. This ratio is estimated to be >2.7 in Orgueil (Clayton and Mayeda, 1999) and may be up to 4-5 (e.g. in L2036B3) assuming that the heavy oxygen isotopic compositions are not due to later dehydration during thermal metamorphism.
Detailed mineralogical studies at the sub-lm scale indicate that the reality is more complex than this simple model. Indeed, anhydrous minerals are not rare in hydrated IDPs: e.g. forsterite, enstatite or diopside (e.g. Germani et al., 1990) and glass or GEMS can be present (Bradley, 1988; Nakamura et al., 2005a) . So-called ''tar balls" were described in hydrated IDPs, which are now recognized to be GEMS since they consist of chondritic glasses with embedded metal and sulfides and various amount of carbonaceous materials (see Bradley, 1988) . Similarly, a wide variety of hydrated minerals (various phyllosilicates such as smectite, illite, kaolinite, mica-related phyllosilicates or carbonates) have been reported as minor components of dominantly anhydrous IDPs . This mixing of hydrated and anhydrous minerals at the nanoscale suggests that the progress of the hydration reactions is not complete in IDPs in agreement with the survival of GEMS in hydrothermal alteration experiments of anhydrous IDPs (Nakamura et al., 2005b) .
The results of this model reinforce the previous suggestion that carbonaceous chondrites (both hydrated and anhydrous), the parent-bodies of AMMs and IDPs (both anhydrous and hydrated) and comet Wild 2 are all genetically related, in that they initially accreted dust from the same batches of well-mixed nebular reservoirs before any subsequent hydration or metamorphism. Oxygen isotope compositions thus seem to support a chemical continuum between carbonaceous chondrite asteroids (both hydrated and anhydrous) and comets. Because both hydrated and anhydrous objects are found among carbonaceous chondrites, chondritic IDPs and, based on a comparison of Wild 2 vs. Tempel 1, also comets (e.g. Lisse et al., 2006) , the degree of hydration is probably not a good indicator of an asteroidal vs. a cometary origin.
This suggestion of a compositional continuum between inner solar system (i.e. asteroid belt) objects, such as carbonaceous chondrites, and outer solar system (i.e. Kuiper belt) objects, such as comets, is supported by several lines of evidence arising from astronomical observations and modeling. For example, models of the dynamical evolution of asteroid and comet populations show that asteroids can exist in comet-like orbits, including possibly up to 2.3% of the Oort cloud population (Weissman and Levison, 1997) . In addition, recent observations suggest that dormant/ extinct comets possibly represent up to 8% of Near Earth Objects (DeMeo and Binzel, 2008) . Secondly, remote sensing indicates several compositional similarities between some asteroids and some comets, e.g. asteroids rich in water ice (Thomas et al., 2005; Marchis et al., 2006) and comets with albedos similar to D-type asteroids (Licandro et al., 2003; Abell et al., 2005) . Observations indicate similar silicate mineralogy between Trojan asteroids and comet HaleBopp (Emery et al., 2006) . Additionally, some objects, such as 4015/Wilson-Harrington and 2060/Chiron, long considered to be asteroids have subsequently been discovered to have faint or irregular cometary activity (Weissman et al., 2002) , and a population of main belt comets has now been identified (Hsieh and Jewitt, 2006) . It is notable that the reflectance spectra of anhydrous chondritic IDPs as well as the Tagish Lake carbonaceous chondrite, whose parent body is a possible source of some hydrated micrometeorites (Nozaki et al., 2006) , indicate similarities with P-and Dtype asteroids (Bradley et al., 1996; Hiroi et al., 2001) . To what extent this similarity can be extended to Kuiper Belt Objects discovered in the last 10 years remains to be investigated. Thus, the petrographic and isotopic properties of (Young and Russell, 1998) .
chondritic interplanetary dust particles and micrometeorites likely indicates the sampling of various outer solar system bodies having preserved to a certain extent unprocessed material from the early solar nebula.
Anhydrous IDPs and O isotope reservoirs in the early solar system
The mineralogy and chemistry of anhydrous IDPs indicates that they have escaped thermal and aqueous processing since their agglomeration in the protosolar nebula. In that respect, their components are likely to be either presolar interstellar dust grains or among the first dust particles that were made in the solar system. The small isotopic range among the five anhydrous IDPs studied here and their individual components (forsterite, enstatite, GEMSrich areas, Table 1) suggests that the sub-components of anhydrous IDPs have a similarly restricted range of isotopic composition, although a larger database would be required to better assess this conclusion. This composition is closer to most planetary materials than any other astronomical object: it is different from that of the CAIs (e.g. McKeegan and Leshin, 2001) , probably from that of the Sun (Hashizume and Chaussidon, 2005; McKeegan et al., 2009 ) and from any nucleosynthetic components, whether of stellar (e.g. Clayton and Nittler, 2004) or non-thermal nucleosynthetic origin (i.e. irradiation, Aléon et al., 2005) . In agreement with the recent results from the Stardust mission Nakamura et al., 2008) , this indicates that comets or comet-related objects are made of typical solar system material rather than being aggregates of unprocessed interstellar grains (e.g. Greenberg, 1982 Greenberg, , 1998 .
Mineralogical studies of anhydrous IDPs (e.g. Bradley and Brownlee, 1986; Bradley et al., 1989; Bradley, 1994; Keller et al., 2000; Keller and Messenger, 2005) have shown that they are aggregates of: (1) directly condensed crystalline grains, (2) amorphous grains condensed in non-equilibrium conditions, (3) thermally annealed grains, or (4) grains rendered amorphous upon prolonged irradiation. Depending on their formation, anhydrous IDP constituents could thus have preserved the initial isotopic composition of the gas from which they condensed or they could have been equilibrated with a gas of different O isotopic composition during thermal events/irradiation. They may also have preserved isotopic effects due to irradiation.
Among these processes, the efficiency of isotope exchange between a gaseous reservoir and porous chondritic amorphous grains still remains to be evaluated. In addition, the relative efficiencies of isotope exchange at moderately high temperature ($1000 K) versus thermal annealing cannot be established because annealing data are mostly available for nanometer-sized smokes having properties controlled by surface energies (Fabian et al., 2000) , whereas isotope exchange data are only available for micrometer-sized and larger particles, in which properties are controlled by volume energies. Isotopic exchange in crystalline particles, by contrast, can be evaluated using self-diffusion kinetics of oxygen in olivine (ol, Gerard and Jaoul, 1989) and clinopyroxene (cpx, Ryerson and McKeegan, 1994 ). We present calculations done for 500 nm spherical particles (Fig. 7) assuming that 90% equilibration is reached. At temperatures $1000 K thought to characterize silicate annealing, more than 10 6 and 10 9 years are required to equilibrate clinopyroxene and olivine, respectively, with the gas. Even at 1500 K, outside the range of any realistic temperature estimates, the equilibration times become $150 h for clinopyroxene and $80 years for olivine. These calculations indicate that crystalline dust grains in the protosolar nebula retain their original isotopic composition, and if they are condensates, this must be the same as the composition of the gas from which they condensed. LIME forsterite grains, such as those measured in RB27A19, are usually thought to be direct condensates from the nebular gas (Klö ck et al., 1989) . Similarly, isolated euhedral forsterite crystals such as that measured in L2021N3 can be produced by direct condensation from the nebular gas . Therefore, the close-to-planetary isotopic composition of these grains is likely to be the composition of the nebular gas when and/ or where these grains condensed. This relatively 16 O-poor composition is unlike that of 16 O-rich forsterite in Amoeboid Olivine Aggregates (e.g. Aléon et al., 2002; Fagan et al., 2004) thought to have condensed in the innermost nebula but is comparable to that of the nebular gas in which chondrules formed . If this is correct it would imply that LIME forsterites condensed in a different environment than AOAs, perhaps at a greater heliocentric distance, but may have sampled a similar environment than that in which chondrules were melted.
The IDP U211A19A has a texture reminiscent of a microchondrule (Steele, 1990) and an oxygen isotopic composition typical of a chondrule. This IDP is thus Gerard and Jaoul, 1989) and pyroxene grains (diopside, Di, Ryerson and McKeegan, 1994) . The temperature of heating is shown as a function of the duration required to reach 90% isotopic equilibrium, i.e. when the gas and solids are not different by more than a few &. Unless strongly heated at temperatures typical of the CAI-forming regions in the innermost nebula, the diffusion of oxygen is too slow to achieve isotopic equilibrium during the lifetime of the solar nebula.
petrographically and isotopically akin to the microchondrules found in comet Wild 2 . Since it was also associated with sub-lm chondritic porous material before sectioning (Steele, 1990) , it may represent the first cometary chondrule identified in IDP collections.
Whether they are chondrule fragments or condensates, the typical planetary O isotopic composition of forsterite and enstatite crystals measured in anhydrous IDPs and comet Wild 2 Nakamura et al., 2008 , this work) strongly suggest that crystalline forsterite and enstatite detected by mid-infrared spectroscopy in comets (e.g. Crovisier et al., 1997) and circumstellar disks (e.g. Malfait et al., 1998; Van Boekel et al., 2004; Kessler-Silacci et al., 2006) are indeed formed in the inner part of the accretion disk rather than being annealed interstellar grains (e.g. Bockelee-Morvan et al., 2002) .
It has been argued that GEMS are interstellar dust grains that underwent exposure to particle irradiation in the interstellar medium (Bradley, 1994) . However, recent evidence indicates that most GEMS have O isotopic composition within 10% of that of the solar system (Stadermann and Bradley, 2003; Keller and Messenger, 2005) , which led to the suggestion that many GEMS could be non-equilibrium condensates from the protosolar nebula gas (Keller and Messenger, 2005) . Experiments performed under reducing conditions suggest that GEMS could also be totally amorphous interstellar grains that acquired their final mineralogical properties upon annealing in the protosolar nebula (Davoisne et al., 2006) . The two GEMS-rich IDPs analyzed in this study show the largest range of 16 O variations among anhydrous chondritic IDPs, which suggests that GEMS could potentially be distributed along a slope 1 line with various 16 O excesses and depletions, in the range of other planetary materials.
We have begun a systematic high precision analysis of more GEMS-rich IDPs to confirm this observation and establish the full range of O isotopic compositions of GEMS-rich particles. It is important to note that individual GEMS units may distribute along a substantially greater range on a slope 1 line than the limited data presented here would indicate. Indeed, the isotopic analysis of individual GEMS $100 nm in size is physically limited by the number of O atoms. One should appreciate that even in an idealized mass spectrometer having a 100% useful yield, the analysis of a 100 nm GEMS would result in a 1r uncertainty of $10& on d 17 O. For grains below 100 nm in diameter this uncertainty rapidly reaches the full range of O isotopic compositions measured in the solar system. In a more realistic mass spectrometer with a useful yield of $10% (e.g. IMS 1270, NanoSIMS), the 1r uncertainty from Poisson statistics is still $15& for a $200 nm grain.
Although our limited data do not allow a clear conclusion, we suggest that GEMS may have recorded physico-chemical processes resulting in mass-independent fractionation, such as mixing of reservoirs (dust-gas) during condensation or partial isotopic exchange with the solar gas during annealing. Such a trend is unlikely to result from preservation of presolar nucleosynthetic signatures or equilibration with the interstellar gas during sputter-deposition processes, since both would result in a broader scattering around the solar value rather than a dependence on the 16 O content only.
If further analyses confirm the planetary-like (i.e. relatively 16 O-poor) composition of GEMS that our data suggest, then this would pose severe problem for reconciling an interstellar origin of GEMS with isotopic self-shielding of CO as the origin of oxygen isotope variations in the solar system. All the self-shielding models require an 16 O-rich composition for the precursor interstellar dust, close to that of the Sun (Hashizume and Chaussidon, 2005; McKeegan et al., 2009 ). Thus, if GEMS are really representative of amorphous dust grains from the presolar cloud (or even the outer solar system), then another mechanism may be required to explain the isotopic disequilibrium between such primordial materials and the bulk solar system as represented by the Sun. On the other hand, if GEMS were formed in the inner solar system, they must have acquired their O isotopic compositions which are comparable to those of chondrules, even though they have a totally different thermal history from anhydrous materials processed at high temperature. Because GEMS anneal above 900 K , they clearly escaped whatever thermal events formed chondrules, whether shock wave melting of dust (e.g. Desch and Connolly, 2002) or planetesimal fragmentation (Libourel and Krot, 2007) . Thus they must have formed at a different time or in a different locale.
CONCLUSION
Oxygen isotopic abundances were measured in nine chondritic IDPs. All IDPs, including the mineralogically pristine porous, anhydrous, GEMS-rich IDPs, have typical planetary-like compositions, close to terrestrial and chondritic values. Large isotopic anomalies indicative of abundant presolar interstellar dust grains have not been found. Hydrated IDPs have O isotopic compositions suggesting that their parent-bodies are related to hydrated C1/C2 carbonaceous chondrites. Anhydrous IDPs exhibit variations in their 16 O content as observed in anhydrous carbonaceous chondrites and in comet Wild 2. As in carbonaceous chondrites, hydrated IDPs can be derived from anhydrous IDPs by aqueous alteration. Oxygen isotopes thus suggest that asteroidal carbonaceous chondrites, the parent-bodies of chondritic IDPs, of most AMMs and comet Wild 2 all belong to the same family of small bodies of carbonaceous chondrite affinity.
The oxygen isotopic compositions of crystalline olivine and pyroxene from anhydrous IDPs are close to those of the nebular gas that interacted with chondrule melts and are similar to mafic minerals in comet Wild 2 suggesting that these minerals were formed in inner nebular regions. Together with their mineralogical properties, the isotopic data suggest that forsterite and enstatite detected in comets and at large orbital distances in other stellar systems were probably formed in the inner disk rather than being annealed interstellar grains. Two GEMS-rich IDPs are the most 16 O-rich and 16 O-depleted among the IDPs studied thus far but are still within 20& of the terrestrial composition, suggesting that GEMS may not be interstellar dust grains or that their O isotopic composition is not correctly accounted for by self-shielding models. More analyses are required to establish if this variation in the 16 O content is representative.
